Abstract: As for many invertebrates, the gut of marine polychaete species has key physiological functions. However, studies integrating microanatomical descriptions with physiological processes are scarce. The present investigates histological, histochemical and cytological changes in the alimentary canal during the digestive cycle of the marine annelid Eulalia viridis, a species that combines opportunist scavenging, predation and cannibalistic behavior. The gut is comprised of an eversible pharynx, esophagus, intestine and rectum. Three main phases of digestion were identified, namely, resting/secretory, absorptive and excretory. The intestinal epithelium is complex and exhibited the most significant changes regarding intracellular digestion, excretion and storage. Conversely, the pharynx and esophagus were chiefly important for enzyme secretion. The results also indicate the existence of two distinct types of secretory cells in the intestine, with likely distinct physiological roles. Some similarities have been found between the intestinal epithelia and the molluscan (especially cephalopod) digestive gland, as, for instance, the shedding of apical corpuscles by digestive cells at posterior stages of digestion. The findings indicate that the digestive process in this worm is complex and related to the many physiological roles that cells need to play in the presence of reduced organ differentiation.
INTRODUCTION
Marine polychaetes constitute the most diverse group within Annelida, comprising about 80 known families that radiated about 500 m.a. ago and are phylogenetically linked to stem annelids (see Bartolomaeus et al., 2005; Weigert et al., 2014) . These animals play an important ecological role in marine food chains as prey, predators, filter-feeders, or scavengers and are likewise important bioturbators of aquatic sediments as deposit-feeders. As such, their multiple ecological niches are reflected in significant deviations from the standard polychaete anatomy and physiology, resulting in high phenotypic variation even within families or species (see, e.g., Tzetlin & Purschke, 2005) . However, in spite of their acknowledged importance, there are many gaps in the knowledge on the physiology of these organisms. In fact, even though the basic structure of the digestive system structure is documented for some polychaete species (see Saulnier-Michel, 1992 , for a review), there is still missing information in the knowledge of the microanatomy of the digestive epithelia, with particular respect to the changes along the digestive, secretory and excretory cycles. It must be emphasized that the alimentary canal, particularly the intestine, likely has several vital functions, a feature that, together with intracellular digestion, tends to fade in most higher-order animals. As a fact, in most marine invertebrates, especially protostomes, the digestive epithelia exhibit complex changes during digestion, implying structural alterations, changes in biochemical composition and enzymatic machinery, and general responsiveness of the epithelium. However, such changes are far better described in the molluscan digestive gland, especially in cephalopods (e.g., Semmens, 2002; Costa et al., 2014) , than for any other group of marine invertebrates.
Usually, the polychaete alimentary canal is divided into three parts: foregut, midgut and hindgut (Saulnier-Michel, 1992; Jenkins et al., 2002) . The foregut includes the buccal organ and the esophagus while the midgut allocates the stomach (when present) and the intestine. The hindgut comprises the posterior most regions of the gut, which may or not be differentiated into a rectum (Jenkins et al., 2002) . However, it is the buccal organ, located in the foregut, which reveals the most significant interspecific variation, according to feeding habits, forming, for instance, an eversible pharynx (proboscis) or even being absent from filter-feeding groups (Tzetlin & Purschke, 2005) . Most reports describe the polychaete intestine as a tube-like structure, where the main cell type is the secretory cell (Tzetlin et al., 1992; Tzetlin & Purschke, 2005) . In some polychaete species the presence of specialized absorptive and secretory cells has been previously described and, in some cases, the latter have been divided into serous and mucoussecreting cells (Saulnier-Michel et al., 1990) . No reports were found on the relationship between cell types and the physiology of polychaete digestion.
The marine annelid Eulalia viridis (Polychaeta: Errantia, Phyllodocidae) inhabits rocky shores, especially mussel beds, in intertidal areas, seeking protection during high tides underneath clumps of mussels (Emson, 1977) . Eulalia viridis is believed to be an opportunist scavenger, since scavenging (Morton, 2011) and simultaneous detrivore and predator (Emson, 1977; Fauchald & Jumars, 1979) behaviors have been reported. It is acknowledged that E. viridis feeds mostly on barnacles, mussels and other worms of the same species (Emson, 1977; Morton, 2011) . The worm, as in other phyllodocids, makes use of its proboscis for collecting food items through suction. Unlike many preying polychaete species they do not have jaws and rely on strong axial musculature typical of the family (see Michel, 1964; Tzetlin & Purschke, 2005) . Oddly enough, herbivore feeding has never been described for this species, expected for its conspicuous bright green color (Costa et al., 2013) . Moreover, as for polychaetes in general, studies on the relation between physiology and microanatomical changes along the digestive process of this species are still lacking, with the exception of a study on the pharynx that compared fasting and satiated animals (Michel, 1969a) . Detailed microscopy studies on the species concern spawning, reproduction (Olive, 1975; Rouse, 1988) , microanatomy of the pharynx (Michel, 1964 (Michel, , 1969a , intestine (Michel, 1969b) and epidermis (Costa et al., 2013 ) have been conducted. There are general anatomical descriptions of the digestive tract of phyllodocids, which follows the basic annelid plan, although they lack a differentiated stomach (Saulnier-Michel, 1992; Tzetlin & Purschke, 2005) .
As for marine invertebrates in general, detailed histological studies are either absent or limited to a few key, studies. Histochemical techniques hold the advantage of being able to demonstrate the presence, distribution and fate of molecules in small tissue samples, for the dual purpose of elucidating both structure and physiology. As such, the present work surveys the physiology of the digestive process in a marine polychaete characterized for its opportunist feeding habits by combining histology, histochemistry and electron microscopy. Specifically, it: (i) characterizes E. viridis intestinal epithelium regarding structure and cell types plus respective functions; (ii) identifies microscopic changes in the gut epithelia during digestion, and (iii) identifies and localizes the main substances and processes involved in digestive and excretory processes, from intracellular digestion to storage and elimination of physiological by-products.
MATERIALS AND METHODS

Animal collection
Adult and subadult E. viridis (50-120 mm in length, ≈250 mg total weight) were collected from a rocky intertidal shore located at the Western Algarve coast, SW of Portugal (37°22′57.81′′N, 8°49′30.71′′W). The animals were reared in the laboratory until processed for analyses, in a mesocosm environment with recirculation and periodic water changes. The mesocosm included live mussels and barnacles of which the worms were confirmed to prey on, in accordance to the findings of Olive (1975) .
Sample preparation
Whole organisms were fixed using several solutions: Bouin's (10% v/v formalin and 7% v/v acetic acid picric acid added to saturation); Carnoy's (absolute ethanol, chloroform and glacial acetic acid, 6:3:1) and 2% v/v glutaraldehyde (in 0.2 M sodium cacodylate buffer, pH 7.4). Fixation in the two former solutions was at room temperature for 24 h, followed by washing in Milli-Q (MQ) grade (18.2 MΩ cm) ultrapure water (3 × 1 h) for samples fixed in Bouin's and in absolute ethanol (3 × 1 h) for samples fixed in Carnoy's. Fixation in glutaraldehyde was done at 4°C for 2 h, followed by washing in cacodylate buffer (3 × 15 min), post-fixation in 1% m/v osmium tetroxide (OsO 4 ) in cacodylate buffer in the dark for 1 h (4°C) and washed again in MQ water (3 × 10 min).
After fixation, the specimens were sectioned into six portions, dehydrated in a progressive series of ethanol (70-100% or 30-100% for glutaraldehyde-fixed samples) and embedded in paraffin (xylene was used for intermediate infiltration). Some samples fixed in 2% glutaraldehyde v/v (in 0.2 M cacodylate buffer) and post-fixed in osmium tetroxide were embedded in Epon 812 (Sigma-Aldrich, St. Louis, MO, USA), following Luft's mixture. In brief: samples were dehydrated up to 100% acetone, intermediately infiltrated with Epon + 100% acetone (1:1) before final embedding and polymerization at 60°C in gelatine capsules. Other samples fixed and post-fixed similarly were embedded in London Resin White (LRW) (Fluka, Basel, Switzerland), using ethanol for dehydration and ethanol + LRW (1:1) for intermediate infiltration. Paraffin sections, 3-5 µm thick, were obtained using a Jung RM 2035 rotary microtome (Leica Microsystems, Wetzlar, Germany). Semi-thin (0.5-1 µm) and thin (≈90 nm) sections (Epon-or LRW-embedded samples) were obtained with a Reichert-Jung Ultracut E ultramicrotome (Leica Microsystems).
Histology and histochemistry
Microstructural and histochemical analyses were performed with a tetrachrome technique combining Alcian Blue (AB), pH 2.5, for acidic sugars; Periodic Acid/Schiff's (PAS) for neutral polysaccharides; Weigert's iron Hematoxylin for chromatin, and picric acid for muscle and cytoplasm was employed, following Costa & Costa (2012) , with modifications employed by Costa et al. (2014) , for samples fixed in Bouin's, Carnoy's or glutaraldehyde and embedded either in paraffin or Epon. In the latter case, the resin was partially removed with Maxwell's solution (KOH, saturated, in a 2:1 methanol + propylene oxide mixture) for 5 min at room temperature to allow infiltration of the dyes. Other general staining procedures were applied to some sections for structural detailing, such as Weigert's Hematoxylin/van Gieson's multichrome (Acid Fuchsin + picric acid) and Toluidine Blue, the latter for Epon-and LRW-embedded samples only.
Lipid detection was achieved in samples post-fixed with osmium tetroxide and counterstained with Nuclear Fast Red. Protein staining was done using Coomassie Brilliant Blue R250 (Fisher, 1968) . Other techniques include von Kossa's reaction for calcium and Perl's Prussian Blue for iron deposits. Bacteria detection was according to the protocol of Gram (1884) , on paraffin-embedded sections.
Paraffin-embedded sections were cleared in xylene following staining. All slides were mounted with DPX resinous medium. Standard histological and histochemical techniques can be found, e.g., in Martoja & Martoja (1967) and Kiernan (2008) . Optical microscopy analyses were done with a DMLB model microscope (Leica Microsystems).
Cytological analyses
Thin sections were collected onto copper mesh grids and stained with 2% (m/v) aqueous Uranyl Acetate and Reynold's Lead Citrate. Analyses were done using a 1200EX model TEM (JEOL, Peabody, MA, USA) operated at 80 kV.
RESULTS
General anatomy of the digestive tract
The digestive system of E. viridis is formed by a strong muscular eversible pharynx (proboscis), the esophagus, the intestine and rectum. Structures such as a crop or gizzard are absent. The anterior portion of the digestive tract constitutes approximately one-third of its length and comprises the pharynx and esophagus, both highly muscular (especially the former), while the posterior section is chiefly constituted by the intestine, followed by the rectum and anus. Between the two sections the tract forms a loop to compensate the distension of the proboscis (Fig. 1a) . Sections through the fold revealed, as expected, the foregut (posterior pharynx and esophagus) and the anterior portion of the intestine (Fig. 1b) .
The digestive process in E. viridis was observed to be continuous, following the rate of ingestion of food items, which varies between undifferentiated material obtained from barnacles, mussels and even other E. viridis.
Pharynx
The proboscis is densely muscular and devoid of jaws or hook-like structures at its terminus, which is accordant with its suction functions. The worm was observed to be able to use this structure to penetrate between the valves of live mussels. The organ was also seemingly used to sense the environment. Lining the pharynx toward the exterior, the dense circular musculature of the pharynx was overlaid by longitudinal muscular fascicles between which nerve bundles were found. The proboscis was covered externally by an epithelium containing many pigment cells and AB-positive (blue) glandular cells, thus revealing secretion of acidic mucopolysaccharides. To this epithelium were attached many sensory papillae (Fig. 2a) . The terminus of the proboscis contained longer, palp-like papillae with many mucous-secreting glandular cells (Fig. 2b) . The inner epithelium of the pharynx formed small villi, being pseudo-stratified and covered by a cuticle and an epicuticle. The epithelium was comprised of pigment and serous glandular cells. The serous cells produced densely packed secretory vesicles that should contain the inactive precursors of digestive enzymes (forming zymogen granules), whenever food items were observed passing through the foregut. These cells were found to be devoid of significant amounts of secretory vesicles when food was undergoing processing in the intestine (Fig. 2c) .
Esophagus
This component of the foregut was observed to be much shorter than the pharynx but still heavily muscular. The structure of the villi in the esophagus was found to be more complex than in the pharynx, the villi being conspicuously longer. The inner epithelium also had a well-defined cuticle and epicuticle, as the pharynx, albeit a thicker layer of PAS-reactive fibers underlying the epithelium (Fig. 3) . Serous glandular cells, similar to those in the pharyngeal epithelium, were also found in the esophagus. These cells underwent similar changes along the digestive process as those mentioned above ( Fig. 3-inset ).
Intestine
The intestine was formed by a thin muscular layer overlaid by a columnar-like epithelium with variable thickness chiefly formed by a single layer of cells (Fig. 4a) . The epithelium formed villi-like structures whose size and shape changed according to the digestion phase. Digestive cells were the most common and were characterized for being long (albeit variable in size), holding many irregularly sized inclusions and vacuoles and bearing apical microvilli. The nuclei of digestive cells were found closer to the epithelial basal membrane. A set of cells, likely holding secretory functions, were clearly distinguishable from digestive cells due to their dense cytoplasm and the presence of spherical vacuoles of hyaline appearance (Fig. 4b) . The contents of the vacuoles were released to the lumen of the gut through exocytosis. Two seemingly distinct types of secretory cells were observed, as shown by distinct histochemical properties of vacuoles (see below). At an earlier stage of digestion, most secretory cells held vacuoles that had a hyaline yellow color following staining with picric acid. Besides the aforementioned secretory and digestive cells, basal cells could occasionally be found compressed against the basal membrane of the epithelium. These small cells, likely involved in epithelial regeneration, were rare and detected best in resin-embedded samples (Fig. 4b) .
Whereas the three cell types were present in the epithelium regardless of digestive phase, the digestive cells showed the most significant changes along the process. Although a clear separation of phases could not be pinpointed, due to the complexity and continuity of the digestive process, three main phases were distinguishable: secretory, absorptive and excretory. The secretory phase consisted of the earliest phase of the digestive process, being characterized by the production and secretion of AB-positive substances (therefore acidic mucopolysaccharides) allocated within large vacuole-like structures, forming "blue bodies" within digestive cells (Fig. 5a) . The digestive cells failed to reveal significant accumulation of PAS-positive substances (i.e., glycogen-like sugars) or digestive vacuoles, however, numerous vesicles were produced, likely Figure 2 . Sections across the proboscis (tetrachrome stain). a: Transversal section of the eversible pharynx, i.e., the proboscis (ph), showing the pharyngeal musculature (phm) stained yellow by Picric acid, as well as the outer transversal muscles (tm). Between tm, nerve cords (nc) are fibrous in appearance and tend to be stained by both Alcian Blue (AB; blue) and Periodic Acid/Schiff's (PAS; pink). Sensory papilla (sp), also reactive for AB and PAS, surround the proboscis. Specimen fixed in glutaraldehyde. b: Longitudinal section of terminal sensorial papilla with AB-reactive mucosubstances (ms) plus serous cells (sc) and respective nuclei (n). Specimen fixed in glutaraldehyde. c: Cross section of the inner wall of the pharynx, revealing the dense pharyngeal musculature containing longitudinal and transversal fibers (phm), serous cells (sc) and nerve cells (nv). Pigment cells (pc) containing vesicles of greenish substances are found compressed between serous cells. The cuticle (ct) is PAS-positive (pink) while the epicuticle (ect) tends to be AB-positive (blue). Specimen fixed in Bouin's. Scale bar: (a) 300 µm, (b) 50 µm, (c) 25 µm. Figure 3 . Section across the esophagus at resting phase, revealing serous cells (sc) with few vesicles. Note the strong pink coloration of the cuticle (ct). Nuclei (n); musculature of the esophagus (oem). Inset: Serous cell (sc) with numerous secretory in a more advanced stage of digestion. Tetrachrome stain (specimen fixed in Carnoy's). Scale bar is 50 µm.
containing digestive enzymes. The initial stage of digestion was highlighted when undigested food items were still found in the intestinal lumen (Fig. 5b) . No significant signs of bacterial colonies were found at this or any other stage of digestion.
During the absorptive phase, digestive cells accumulated agglomerates of glycogen-like substances (PAS-positive, stained bright pink) while mucosubstances became scarcer (Fig. 6a) . The secretory cells were also observed to initiate function as seen by an increase in number of vacuoles. Furthermore, the existence of two types of these cells became more obvious. The contents of the secretory vacuoles were mostly stained by picric acid and, in some cases, PAS. Typically, the contents of the vacuoles were homogenous, amorphous and electron-dense. However, some vacuoles held a membrane that was boldly stained by AB, providing an overall "bluish" tint. The two types of vacuoles were not present in the same cells, which were hitherto divided into cells possessing "yellow" and "blue" secretory vacuoles (Figs. 6a, 6b) . Secretory cells possessed a denser cytoplasm than digestive cells (Fig. 6b-inset) . The contents of "blue" vacuoles were also more intensely stained by PAS and Toluidine Blue (Fig. 6c) . The membrane of "blue" vacuoles was also strongly stained by Coomassie Blue (not shown), indicating, together with AB, the existence of undisclosed acidic glycoproteins. Still, the Coomassie blue staining of the contents of the vacuoles was relatively dim compared with their membrane. Besides glycogen-like substances, the digestive cells also gather many other diffuse inclusions, from pigmented granules to vesicular structures that tended to aggregate around nuclei, most of which should contain zymogen-like substances (Fig. 6d) . Among these inclusions, small spherical structures consistent with organometallic excretory structures such as sphaerocrystals Saulnier-Michel, 1992 ) were occasionally found (not shown) in TEM preparations from the epithelia of sections at a more advanced stage of digestion.
The excretory phase of digestion involved the formation of apical corpuscles primarily in the mid and posterior section of the intestine, indicating the release of undigested materials and digestive by-products (Fig. 7a) . These structures were observed to be shed to the lumen of the gut and did not consist of full cells, rather portions of digestive cells containing amorphous materials (Fig. 7b) . Secretory cells (both types) were still present at this stage. The cytoplasm of digestive cells hitherto held many agglomerates of PAS-positive substances, with a tendency to increase in size relatively to the previous stage (Fig. 7c) . The number, size, and variety of endoplasmatic inclusions in digestive cells increased at this stage, with particular respect to pigmentbearing vesicles and corpuscles, which ranged in color from green to brownish-orange in unstained slides (Fig. 7d) .
Few calcium deposits (from von Kossa's reaction on paraffin-embedded sections) were found in the intestinal epithelium. However, these became more evident in a latter phase of digestion, typically around digestive vacuoles, in relation to the presence of sphaerocrystals mentioned above (not shown). Iron deposits were not found in the gut epithelia, regardless of digestive phase. In paraffin-and resin-embedded samples subjected to osmium tetroxide post-fixation, small lipid droplets (stained blackish) could be found in digestive cells, also in a latter digestion phase (Fig. 7a-insets) . In general, lipids were scarce in E. viridis digestive tract and always limited to small droplets.
Rectum
The rectum is within the narrow final segments of the worm, which were often absent and healing from pre-collection injury. The epithelium differs considerably from the remaining components of the gut, including the intestine (Fig. 8) . The epithelium was relatively thin, strongly reactive to PAS and highly basophilic (high affinity to Hematoxylin), indicating a more acidic intracellular medium (thus rendering a dark tint to cells). As previous, the epithelium was comprised of a single cell layer and markedly pseudostratified. Only a single cell type could be clearly differentiated in the epithelium of the rectum., Figure 6 . Micrographs of the intestinal epithelium during the absorptive phase. a: Digestive cells contain many irregular agglomerates of Periodic Acid/Schiff's (PAS)-positive (bright pink) glycogen-like substances (ga). Secretory cell (sc); nuclei (n). Tetrachrome stain on paraffin-embedded section (glutaraldehyde fixation, tetrachrome stain). b: Epon section of epithelium (tetrachrome stain) evidencing secretory cells containing "yellow" (yv) and "blue" (bv) vacuoles. The digestive vacuoles (dv) are heterogeneous in shape, size and contents. Glycogen agglomerates (ga); gut lumen (lm); nuclei (n). Inset: transmission electron microscopy (TEM) micrograph of the apical part of digestive (dc) and secretory cells (sc). Note the microvilli (mv) border and the electron-dense secretory vacuoles. c: Toluidine Blue-stained Epon section of the epithelium (grayscale) revealing distinct metachromasia between the two types of secretory cells. Blue secretory vacuoles (bv); yellow secretory vacuoles (yv). Note the exocytosis process (ex). Digestive vacuoles (dv). d: TEM micrograph of digestive cell nuclei (n), evidencing clear nucleoli (nc); euchromatin (eh) and heterochromatin (hh). Vesicles of undisclosed substances (sb), likely digestion products, revealed here to hold low electron density. Scale bar: (a, b, c) 25 µm, (d) 2.5 µm.
Its function could not be entirely disclosed, although it is likely involved in absorption and storage. There is no definite border between the rectum and the intestine. The cytoplasm is dense and granular in appearance due to the presence of numerous vesicular structures containing PAS-reactive substances that could not be identified histochemically. Occasionally, intraplasmatic bodies heavily stained by Weigert's Hematoxylin (blackish) and green pigments were visible. It is likely that these dark bodies containing amorphous material are particulate waste from the digestive process. Clumps of this material were also found between the intestine and the body wall similar to observations from other species of polychaetes (e.g., Marsden, 1968) . No significant microanatomical or general morphological changes were found to occur along the digestive cycle.
DISCUSSION
The present study showed that, albeit anatomically simple, the marine polychaete E. viridis exhibits complex microanatomical Figure 7 . Sections across the intestinal epithelium during the excretory phase. a: Advanced digestion phase where the epithelium (tetrachrome stain on paraffin sections) glycogen-containing bodies (ga) are larger and more dense than in the absorptive phase. Note the apical corpuscles (ac) being released into the lumen (lm). Insets: lipidic droplets (arrows) evidenced by osmium-tetroxide in paraffin-embedded samples, counterstained with Nuclear Fast Red (upper right); and in London Resin White (LRW)-embedded samples, viewed by transmission electron microscopy (TEM; lower left). b: Epon section (Toluidine Blue stain), showing glycogen agglomerates (ga), the release of apical corpuscles (ac) into the lumen (lm) and the two types of secretory cells, i.e., containing "blue" and "yellow" vacuoles (bv and yv, respectively). c: Advanced excretory phase, tetrachrome stain (paraffin section), where the epithelium contains many Periodic Acid/Schiff's (PAS)-positive (pink) structures, likely glycogen agglomerates (ga), secretory vacuoles, mostly bv, and apical corpuscles (ac). d: Unstained epithelium (paraffin section, glutaraldehyde-fixed sample), showing naturally colored greenish pigments (gp) held in microvesicles located diffusively, although more densely near the gut lumen (lm) and brownish/orange-pigmented agglomerates (pa). Scale bar is 25 µm. changes in the gut epithelium during the digestive process that ultimately reflect the cumulative functions of this organ. The observations show that the cells of the digestive epithelium undergo several phases that relate to the steps of the digestive process: resting/secretory (early phase of digestion), digestive (absorptive) and excretory (final stage of digestion). These different steps are reflected in alterations of cellular morphology and function, as inferred histologically and histochemically. However, the different stages of digestion do not appear to imply the differentiation and subsequent replacement of new digestive cells to new functions, but rather a progressive shift in the physiology of each individual cell. In fact, no significant shedding of whole epithelial cells was observed in any of the stages. The cell types and functions varied with component of the digestive tract, but not with digestive stage, although cells, especially those of the intestine, underwent very significant changes throughout the process. Importantly, two types of secretory cells were identified in the intestinal epithelium, one bearing vacuoles holding substances with higher affinity to picric acid, another with vacuoles enclosing seemingly more PAS-reactive substances and characterized by a dense, glycoprotein-rich membrane. These cells will here forth be referred to as type "A" and "B", respectively. The existence of two types of secretory cells was disclosed by Michel (1969b) , hitherto referred to as glandular cells "type 1 and 2", for which no absolute correspondence could be established between A and B cells herewith described. The same author inferred proteolytic activity of the substances inside the vacuoles from indol and disulphide bonds, which should imply a function related to secretion of digestive enzymes. Still, no specific enzymes could be linked to either type, as in the present study. Nonetheless, the specific function of either type during the digestive cycle was not investigated by Michel (1969b) , who did not focus on different stages of the digestive cycle., The time-lapse between the peaks of activity of the two types of cells suggests distinct physiological roles along the digestive cycle.
Eulalia viridis has the basic anatomical components of the polychaete digestive tract, encompassing an eversible pharynx (proboscis), followed by the esophagus, an uncoiled intestine devoid of specialized structures, like caeca, and the rectum. There is no stomach which is a feature common in sedentary polychaetes (see Saulnier-Michel, 1992) . Table 1 summarizes the main components of E. viridis digestive tract. Previous research disclosed that components of the polychaete digestive tract may be divided in more or less specialized regions, especially the intestine (see, e.g., Pilgrim, 1965) . However, such subdivision was not found in E. viridis, which may relate to the opportunistic feeding habits of the species that render the gut apt for processing a wide variety of prey, which is in agreement with reduced or absent specialization of external feeding-related structures (such as jaws or palps) other than the powerful proboscis that is fitted with many small sensory papillae. This is in accordance with the presence of multiple nerve bundles underneath the skin that connect to the papillae (Fig. 2) in agreement with observations by Michel (1964) . In fact, the current findings indicate that the proboscis may be one of the most important sensory organs of the worm, which agrees with personal observations of E. viridis using the proboscis to sense their environment when scouting for food in mussel beds, and potentially through chemical sensing (Michel, 1970) . Absence of a stomach, as seen in E. viridis, was reported previously for polychaetes (Welsch & Storch, 1970) and especially in Phyllodocidae, albeit hitherto not for E. viridis (Tzetlin & Purschke, 2005) . The stomach of polychaete species, when present, is usually regarded as the main organ of digestion, varying between more markedly glandular or more mechanical (muscular) functions (Sutton, 1957; Pilgrim, 1965) . In E. viridis, the dense musculature of the pharynx, together with its densely packed glandular (secretory) epithelial cells, overtakes the role of the stomach, leaving to the intestine the bulk of the intracellular biochemical processes. The only study reporting microanatomical changes during digestion in E. viridis was performed by Michel (1969a) , on a specific organ, the pharynx, and compared fasting worms with worms immediately fixed after feeding on a dead mussel. This study focused mostly on changes in enzyme-secreting cells. In accordance with this study, the digestive epithelium of the pharynx is chiefly constituted by glandular (serous) cells specialized in secretion of digestive enzymes to the gut lumen. These cells become more active during digestion, which has been revealed by the low density of granular inclusions (likely zymogen granules) within these cells after food items have been processed through this part of the alimentary canal (Fig. 2c) . This is consistent with the observations of Michel (1969a) , who reported loss of secretory vesicles from serous cells following ingestion. Michel (1968) also disclosed that most of the enzymes secreted by serous cells are proteolytic, concluding that this is consistent with predatory feeding habits. Also agreeing with the work performed by Michel (1969a) , a thick bi-layered cuticle lining the epithelia of the pharynx and the esophagus is present. The cuticle (composed mostly of polysaccharides, should protect the epithelium from autolysis while impeding intracellular digestion, a function that is clearly limited to the intestinal epithelium. The fact that no significant changes in the microanatomy of the pharynx epithelium were noticed, apart from depletion of secretory vesicles from serous cells, also corroborates this. The esophagus constitutes a relatively short section of the digestive tract that shares many characteristics with the pharynx with respect to cell type and function as a hinge between the pharynx and the intestine. As in the present work, other authors also mentioned the presence of secreting cells in the esophagus (e.g., Tzetlin et al., 1992) , but the precise biochemical nature of the secretions needs to be disclosed.
The intestine of E. viridis had the most significant changes according to progression of the digestion phases. The epithelial cells of E. viridis intestine combined the functions of digestion, metabolization/excretion and storage. In absence of detailed information for invertebrate digestive epithelia, polychaetes in particular, comparisons may be drawn from the molluscan digestive gland, especially concerning cephalopods, for which there is sizable literature reporting the multiple functions of epithelial cells, including enzyme secretion, absorption and excretion (Boucaud-Camou & Yim, 1980; Swift et al., 2005; Costa et al., 2014) .
The digestive cells of E. viridis are by far the most numerous and undergo very significant alterations during the digestive process. These cells, in early stages of digestion (Fig. 5) , are mostly dedicated to mucous secretion (of acidic, non-sulphated, mucopolysaccharides, AB positive), which is followed by active secretion of enzymes, that are arranged into densely packed vesicles likely containing zymogen (secretory phase). Although microstructural variations during the digestive process were hitherto not surveyed, Michel (1969b) found that enzymes secreted by intestinal epithelial cells are mostly proteases. Conversely, other authors reported the existence of specialized mucous-secreting cells in the intestine of polychaete worms (e.g., Pilgrim, 1965; Saulnier-Michel et al., 1990) . Still, whether other polychaetes possess specialized mucous-secreting cells in the intestinal epithelia or these are, in fact, digestive cells in earlier stages of digestion lacks confirmation. Additionally, it is possible that the uneven distribution of mucosubstances along the intestine of some polychaete annelids described by other authors actually results from different stages of the digestive process (Sutton, 1957; Michel, 1977) .
The absorptive phase is chiefly characterized by the presence of mildly PAS-positive bodies and digestive vacuoles (Saulnier-Michel et al., 1990) . During this stage, glycogen-like material progressively turns into PAS-positive aggregates, usually located at the apical portion of the cells (Fig. 6) . The digestive cells have a dense microvilli brush border facing the lumen of the gut, as in several polychaete species (Welsch & Storch, 1970) . At the excretory phase, the digestive cells release to the lumen of the gut digestive by-products, undigested material and perhaps even excretory substances (like calcium salts in sphaerocrystals) in the form of apical corpuscles (Fig. 7) . The apical corpuscles share some similarities with the "brown bodies" described for cephalopods, which are membrane-bound structures containing by-products of the digestive process that are released to the lumen of digestive diverticula at more advanced stages of digestion (Costa et al., 2014) .
A role for digestive epithelia in excretion has long been suggested for polychaete annelids, such as the stomach of the hydrothermal vent worm Alvinella pompejana (Saulnier- Michel et al., 1990) or the intestine of the bristleworm Hermodice carunculata (Marsden, 1968) . Still, there is little information on these animals, unlike molluscs, among marine invertebrates. For A. pompejana, it has been suggested that digestive cells actively produce sphaerocrystals to eliminate metals (the worm inhabits a strongly toxic environment); in H. carunculata intestinal excretion has been disclosed as a route of elimination of nonparticulate, homogeneous, materials without, however, microanatomical detailing of the process. The same work also mentions the hindgut epithelium is involved in elimination of solid, amorphous, digestive waste, which is in accordance with the current observations of the rectal epithelia (Fig. 8) . Since sphaerocrystals or significant deposits of metals, besides calcium during the excretory phase, were scarce in the epithelia of the worm, it may indicate species-specific excretory processes for E. viridis related to its feeding and habitat. Overall, the study of intestinal excretion in annelids should benefit from further research.
Only scant lipid reserves were found in the gut of E. viridis, in the form of minute lipid droplets scattered in digestive cells at later stages of the digestive process (Fig. 7a) . In fact, the main energy reserve of the species appears to be glycogen (Figs. 6, 7) . Michel (1969b) reported much reduced lipase activity, compared with that of proteolytic enzymes, in the alimentary canal of this species, which aids explaining the reduced lipid deposits within digestive cells. There is little information on lipid absorption and storage in polychaete species. However, some authors reported the abundance of lipid droplets in epithelial cells of the gut in some sedentary worms (Pilgrim, 1965) . Other authors describe highly variable interspecific accumulation of lipids and glycogen in Errantia (Welsch & Storch, 1970) . In a hydrothermal phyllodocid (Galapagomystides aristata) many minute lipid droplets were found in the epithelial cells of the midgut (Jenkins et al., 2002) , which is in better agreement with the current findings. In face of the high variability regarding the main reserve substances (i.e., fat versus sugar) it may be inferred that there is no clear trend among polychaetes, regardless of habitat and behavior. Thus, the absorption, metabolism and storage of typical reserve substances in these animals are highly dependent on undisclosed physiological traits and energy expenditure. Interestingly, the organisms best related to polychaete species with respect to similarities between the cells of digestive epithelia, the cephalopod molluscs, are known to store very significant amounts of lipids in epithelial cells of the digestive gland, at least in more advanced stages of digestion (e.g., Boucaud-Camou & Yim, 1980; Moltschaniwskyj & Johnston, 2006; Costa et al., 2014) .
Finally, it must be noted that pigment-containing vesicles or agglomerates were found throughout the intestinal epithelia (Fig. 7) . Whereas some of these pigment agglomerates may be similar to zymogen granules, the source or purpose of the greenish pigments cannot, at this stage, be identified. However, it is possible that E. viridis owes it bright-green integumentary color to pigments that are absorbed and/or metabolized in digestive epithelia, quite similar to what has been observed in the sedentary polychaete Chaeopterus spp. (Kennedy & Nicol, 1959) .
CONCLUSION
Organisms with reduced organ differentiation and specialization are prone to have complex sub-cellular physiological processes that reflect the accumulation of functions within a given type of cell. In E. viridis, the most obvious are polyvalent digestive cells of the intestine. These cells function in secretion of enzymes and mucosubstances, intracellular digestion, storage and by-product transformation and elimination. Furthermore, these cells undergo microanatomical and physiological changes during the digestive process, with no significant replacement of cells being observed during the continuous processing of food items. The secretory functions of the intestinal epithelium are complemented by the existence of two types of specialized secretory cells that, albeit morphologically similar, are likely responsible for the production distinct substances involved in the digestive process (such as proteolytic enzymes). Altogether, the findings disclosed a relatively simple anatomy of the digestive tract in accordance with the notion that E. viridis feeds on a wide variety of food items. Hence, the adaptative value of not having over-specialized structures related to feeding and digestion, other than the highly muscular and sensorial eversible pharynx. The present study also highlights the existence of three distinct, albeit interlinked, phases in the digestive process of this annelid and showed that the lack of knowledge of the physiological and microanatomical changes during the digestion of polychaete species results in confusion regarding the identification of cell types and their functions.
